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Donor impurity on-center and off-center in multilayered quantum wires
in the presence of magnetic field
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The binding energies of a hydrogenic impurity located at the center and off-center of a multilayered
quantum wire(MLQW) in the presence of magnetic field are studied within the framework of the
effective-mass approximation. The MLQW consists of a GaAs core wire coated byGaALAS
cylindrical shell and embedded in the bulk &g _,As. A variational trial wave function is
proposed. It is found for a small wire radius that the ground state binding energy of a hydrogenic
impurity located at the center of a MLQW behaves very differently from that of a single-layered
quantum wire(SLQW). The calculation shows that the binding energy depends on the potential
profiles, potential barrier height, impurity position, shell thickness, magnetic field, and the
difference between the Al concentration contained in the shell and bulk regions. Our trial function
is also able to reproduce the binding energies of a hydrogenic impurity located at the center of a
SLQW, good agreement with the previous results is obtained.2082 American Institute of
Physics. [DOI: 10.1063/1.1480121

I. INTRODUCTION Al,Ga,_,As are possible because the lattice constants of
Semiconductor heterostructures are shown to provide gaAs and AlGal‘X'A‘S are nearly identical, so that they are
. . . . Closely lattice matched, and, therefor@®) abrupt spatial
large number of interesting physical phenomena and impor=_"""" . : .
tant practical applications, such as in photodetector and op}- . lculati it h b i q ’th t th
toelectronical devices. The design of such devices dependcgleélousAcalcua lons, Ih kas eﬁn assufme h a €
strongly on the spectral range of interest. On the other han(f,‘ G, As layers are thick enough to confine the wave

the desired energy range may be obtained and controlled Hyynctions so that they do not leak out of the wells. But su-
various mechanisms including doping, application of exter.Periattices were made with IaAyer thickness ranging from a
nal fields such as magnetic, electric and laser, and also H§W monolayers to about 400 A. And most attention has been

choosing appropriate potential profiles of the systems. ocused on systems with aluminum concentrationof
Since the pioneer work of Bastdrih the study of the AlxGa—xAs less than 0.45. In this concentration range, the
binding energy of a hydrogenic impurity within an infinite Pand gap is direct at the point. The spreading of the impu-
potential-well structure, many theoretical works have beedity envelope wave functions depends on the potential barrier
devoted to the study of the properties of impurity states ineight as well as the barrier thickness. Thus, the previous
various confining systenis® The binding energy of the calculations with single-layered approximation are not ad-
ground state of a hydrogenic impuriB, in D dimension is  equate for thin supperlattices, or even for moderately thick
given by*® E,=[2/(D—1)]? Ry, where Ry is the effective superlattices but with small aluminum concentration.
Rydberg and can be expressedbs*/2%2€2, wherew ande Chaudhur® considered a three quantum well system in
are the electronic effective mass and the dielectric constankis variational calculation for the ground-state energy of the
The physical properties of electrons in quantum wires arelonor electron with respect to the lowest subband level. Lane
very different from those in the bulk system. As a conse-et al? calculated the binding energies and probability distri-
guence of the confinement, energy levels are discrete. Theutions of shallow donor states in a multiple-well
existence of these atomic-like states may be utilized in a&l,Ga,_,As heterostructure. Many authd?s® used colloi-
future laser where laser properties can be tailored by propefal chemistry techniques and wet chemistry to prepare the
choices of well and barrier materials as well as the size an€dS/HgS/CdS multiple well in which a shell of HgS is em-
shape of the wiré>* The change in impurity binding ener- pedded in a CdS quantum dot, forming a “quantum-dot
gies due to the confinement effect has been observed iguantum well”(QDQW). The homogeneous absorption and
photoluminescencé* > and Raman-scatterifit® experi-  fluorescence spectra of QDQW were investigated. Numerous
ments on the impurities in the quantum wells. Recentlystudies on organic light-emitting diodes have used these
GaAs-Al,Ga _As structures have been the subject of re-stryctures as the emitting and charge transport sp&tiés.
cent research for the following technological reasth&t)  Recently, Hsieh and Chuu calculated the state energies of an

GaAs and AlGa As both possess a direct-gap band struc-gn_center hydrogenic impurity in a multilayered quantum dot
ture, (2) single-crystal heterostructures of GaAs andgnq g multilayered quantum wipé:4°

The behavior of energy levels of shallow nature impurity
dElectronic mail: hsieh@ems.dyc.edu.tw states in the low dimensional quantum systems in the pres-
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ence of a magnetic field have been investigated in several GaAs
papers—°® The application of the magnetic field modifies

the symmetry of the impurity states as well as the nature of

the wave functions, and finally, leads to a more complicated

change of the binding energy and the other properties of AlGaAs
these impurity energy levels. The study of the behavior of Ulrathin
shallow impurity states in the low dimensional system in the oxide
presence of a magnetic filed will lead to a better understand-
ing of their electronic and optical properties.

In this work, we calculate the ground state binding en-
ergy of the hydrogenic impurity located at the center and off (5
center of a multilayered quantum wire in a constant magnetic GaAs
field applied parallel to the wire axis by using the effective-
mass approximation. Our system is constructed as a core
wire made of GaAs surrounded by a cylindrical shell of m
Al,Ga ,As and then embedded in the bulk of Sla _|As.

The barrier heighV between GaAs and ABa, _,As can be GaAs
obtained’ as 0.8729 eV from a fixed ratioQ=0.7 of the
band-gap discontinuitAEy=1.24K eV. In this article, the
effective atomic units are used so that all energies are mea-
sured in the units of the effective Rydbeigy) and all dis- (b) AlGaAs

tances are measured in the units of effective Bohr radius

(aé‘)_ The effective Bohr radiuﬁa‘ can be expressed by FIG. 1. Key steps in fabricating the multiple quantum wires with spacer
eh?/ue?, whereu and e are the electronic effective mass Pocess:

and the dielectric constant of GaAs material which are equal

to 0.06M, and 13.18, respectively. And Ry aag equal to  method, instead it depends on the thickness of the ring. Con-
5.2 meV and 104 A, respectively. In this work, the effective-sequently, by controlling the thickness of the deposited Al-
mass difference between GaAs ang®@# _,As material has GaAs, we can push the linewidth beyond the limitation of
been ignored. The polarization and image charge effects mapday’s optical system. Thus, finally a two-layer quantum can
be significant in the multilayered system if there is a largebe fabricated. This quantum wire is then masked and is de-
dielectric discontinuity between the core wire and the surposited in a LPCVD of AlGaAs. Therefore, the outmost layer
rounding medium. However, this is not the case for thecan be formed.

GaAs—-AlGa, _,As system (the dielectric constant of

Al,Ga _,As is 13.18-3.1X). Thus, they are safely to be Il. THEORY

ignored. The Hamiltonian of a hydrogenic impurity located off

The multiple quantum wires can be produced b_y USi”chnter in the multilayered quantum witLQW) with a
the “spacer” process. Figure 1 shows the key steps in fab”'magnetic field is written as

cating the multiple quantum wires. First of all, a GaAs sub-
strate is used. Since the top layer is single crystalline, the
quality of the wire made by this single crystalline can be
maintained. The thickness of this top layer ranges from 30 to

200 nm. These wafers can be easily obtained from marke%vhere,u is the effective mass of the electranis the dielec-

Bas:._dkon the ﬁtchrl]ngkselectllvny, Ia G(?AS f'rl]m around 150 "Myic constant of wire materiak is the magnetic-field vector
in thickness(the thickness is related to the quantum W'repotential, andV is the confining potential

length is deposited in a low-pressure chemical vapor depo-
sition, or LPCVD, system. After that, the GaAs film is pat-
terned(e.g., a circular disk shape as shown in the Figarid 0, if p<a (GaAsg

etched. Then, a AIGaAs film can glso be deposi_ted _ir_1 the V(p)=1 Vo, if a<p<b (Al,Ga,_,As), ()
LPCVD system. The thickness of this AlGaAs film is critical .

and must be uniform, ranging from 50 to 300 hkig. 1(a)]. Vs, it p=b (Al,Ga_yAs)

The etching selectivity between AlGaAs and bottom oxide isThe p direction is perpendicular to the axis of the wigs,
larger by using the state-of-the-art etcher. This means that wgives the location of the impurity along this direction, and
can control the processing time exactly and can prevent ovetirection is along the axis of the wire. The MLQW system
etching the underlying oxide. After this etch-back process, avith x>y (i.e., V,>V3) andx<y (i.e., V,<V3) are indi-
spacer is formed closely adjoining the AlGaAs pattern. If thecated as MLQW-1 and MLQW-2, respectively. Wherand
pattern of GaAs is a circle, the spacer at this step will looky are the Al concentration contained in the shell and the bulk
like a ring[Fig. 1(b)]. It is noted that width of this ringAL, regions of the MLQW system, respectively. Assuming the
is around 0.5-0.6 of the deposited thickness of GaAs. Thatrial function of the eigenstate of the Hamiltonian in the ab-
is, the width of the ring is uncontrollable by the lithographic sence of impurity is as the following form:

GaAs

GaAs TOP
Semi-insulating substrate

Semi-insulating substrate

2
)2+Zz]1/2+V(P), 1)

H ! (P+eA)?
= — — e J—
2 eL(p—p;
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1 m L
\Ifl<p,¢,z>=N1M(Za§,5,x1p2) / Vh %™ if p<a

1 m 1 m o
Vo(p,d,2)= N21M(Za§,§,)\2p2 +N22W(Za§,§,7\2pz> /\/R—zelkze'md’ if asp<b
1 2 m 2 ikzaime H
V3(p.¢,2)=NaW| 7 a5, 5 Nap VA gelkze if p=D, 3
|
where If we setN,,=N and N,;=NN,, then the radial part of
wave function becomes
“EZ(Z_ME_kZ_ ﬂn)/ 1 1:ﬂa
" " 2 N M( m +W m A
1~y y a.
,  (2m(E-Vy) , eBm eB 2927\ 4“2 22
ay=— ﬁz —ke— 7 )\2 )\Zzﬁ Rl(p)_ 1
M(— 2 —\a
492N
) 2u(E—V3) , €Bm eB
f f 2h XM| 7 a2 2\ @
@ 307 Me

and M (3a2,m/2\p?) and W(:a?,m/i2)\p?) are Whittaker L
3 m
function. Employing the continuity relation of wave func Rz(P):N{NzM(Za;E Nop?

m
: ) ) +W| — az, ,)\zpzﬂ,
tions atp=a and p=b, one obtains the relations ™, 472
N,;, Njy, andNs: (8)
1 m 1 1 ,m
N21M(4a'2, 2 )\Za +N22W<4a2, 2 )\2&2 N2M(4a2, 2b2 +W| = a2! > 2b2)
Ni= , Ra(p)=
1 m 3(p)
MESRRe WERYw
4 2 4a3' 3
(5
1 1. m | a2 ™ ) ©
N21M( ab, > M b2 +N22W( ad = ,)\2b2> 3% 3 hep
N.=
: Wl Za2 M b2 whereN is the normalization constant. Furthermore, the re-
4% N3 quirement of the continuity of the derivative of the wave
(6) function atp=a, can be fulfilled if
|
1 m 1 m 1 m 1 m
W,(Zag,gﬂ\zaz M(Zal,i,)\laz —W(Zag,E,AZaZ M’(Zaf,f,)\laz
N2: 12m 2 IlZm 2 /12m 2 lZm 2. (10)
M Zaz,i,)\za M Zal,i,)\la -M Zaz,g,)\za M Zal,i,)\la
|
And, the trial function of the eigenstate of the impurity sys- aqfiz‘ (N’is(P)‘
tem can then be assumed as (14
ap | _ ap | _,
Wis(p,¢,2) =Ry(p)e PP Dekzeimdy ;- (11)
and
Via(p,h,2) =Ro(p)e Vo m* Dgikzgimey [\ (12)
B d(G+H+M)
Wis(p,b,2) =Ra(p)e o= n " Delkzeimsy (13 N 13
where \ is the variational parameter. Using the boundary
condition with

Downloaded 20 Feb 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 92, No. 1, 1 July 2002 C.-Y. Hsieh 487

a 5
G==J;pRiuﬁ|d2kp<)Kd2Ap>)dp, (16) 45 1:B=0 Tesla
4 2 : B=5 Tesla
b B
H=f pR3(p)1o(2Np)Ko(2Np=)dp, (17) 35 31 Bol0Tesla
a 3 : B=20 Tesla
= 8 25
M= Jb PR3(p)1o(2Np<)Ko(2Np-=)dp, (18) )
wherep - (p-) is the smalleilargen of p andp; . The bind- b2
ing energyk,, of the hydrogenic impurity is defined conven-
tionally as the energy difference between the energy of the 035

system without the impurity and the energy of the system 0

with the impurity; i.e., 0 1 2 3 4 5
, MG+H+M) a
Ep=—A"- d(G+H+M)" (19 FIG. 2. Binding energy of donor in SLQW as a function of wire radius with

x=0.3 (AlyGa ;As) for different magnetic field8=0, 5, 10, and 20 T.,
d\ respectively.

In Eq. (19), the energy and length are expressed in Rydberg

and Bohr radius of the wire material, respectively. For the

single-layered quantum wiSLQW) model, it is only to set compressed strongly inside the dominant spatial confine-
a=b andV,=V,. ment. However, at a certain small value of the wire radius, it

reaches a maximum and then decreases as the wire radius
reduces to zero. In this region, the binding energy continues
Ill. RESULTS AND DISCUSSIONS to be dominated by the geometric confinement but, due to the

. - leakage of the wave function into the barrier, its valua at
Figure 2 shows binding energy of a donor located at the g

. o =0a§ approaches a quantity which is determined by the
;gn_trer:deI&?WATor vanouts rtr)agr!etltchflelj&jO, 5 1?’ Qr}d ._Landau level in the bulk material contained in the exterior of
: gt be_oc::%o:jeréra 'Zn mF € Sslt_rrn\e/\r/ m.?helrlas ISSLQW (Aly :Ga& 7As). Our result is in good agreement with
assumed to be=0.3(Aly Gz AS). For a SLQW with large <0 ot pached® and Branig! Thus, our MLQW model
wire radius in the absence of magnetic fiédirve 1 in Fig.

2), the impurity behaves just like a three-dimensional freeCan be simplified well to the SLQW model as we aetb

. . . . ?ndV2:V3.
hydrogenlc a_tom, thus its binding energy approaches 1 Ry. | Figure 3 shows the binding energy of MLQW-1 as a
the wire. radius decreases, th‘? confinement effec_t e_nhancﬁﬁﬁction of core wire radius for different shell thicknesses
the binding energy more prominently. Thus, the binding en-

fthe i ity tonically with the wi with x=0.3, y=0.1, and the magnetic fiel8=10T. To
ergy of the impunty increases monotonically wi € WI'® hake a comparison between the cases of curve 5 and curve 6

radius. However, as the wire radius is further decreased, tr\ﬁhich are the binding energies in SLOW wih=0.3 and
statg energy .Of the impurity may become 'h|gher than th%‘(:O.l, respectively, one can note that for large wire radius
confining barrier. In the meanwhile, the kinetic energy of the

confined electron becomes larger by the uncertainty principle
and thus increases the probability of the electron leaking out-
side the well. The electron behaves like a three-dimensiona

. L . . 45 1 b-a=0.1
electron after a certain characteristic wire radius and is only 2 ba=0.5
weakly perturbed by the potential well. Therefore, the bind- A 3 bea=10
ing energy resumes 1 Ry again. From the curves shown ir 35 | 4 b-a=20
Fig. 2, one can note that the effect of applying the magnetic 3 | 5 0 x=0.3(SLQW)
field is prominent fom>1ag , it is clear that the influence of o , 6 : x=0.1(SLQW)

the magnetic field becomes diminished fox1af . Fora

<1lag , the geometrical or spatial localization overcomes the — 1

effect of the magnetic field. For a given value of magnetic

field, the binding energy is larger than that without a mag- ! ~2J

netic field. The physical meaning of this is that increasing the 0.5 \T‘j_ 3
0

strength of the magnetic field shrinks the electron wave func-
tion and decreases the cyclotron radius for the electron rela

tive to the wire radius and confines the electron closer to the
impurity. When the radius of SLQW in the range o _ '
<1.0a} , we may observed that the binding energy increase§!C- 3. Binding energy of donor in SLQW and MLQW-1 as a function of

. . . . wire radius(or core wire radiuswith magnetic fieldB=10 T. Curves 1, 2,

almost independently Pf the a.ppl.led magnet'lc field. This en'3, and 4 are the cases of MLQW-1 witl-=0.3 andy=0.1 for different shell
hancement observed in the binding energy is due to the fagicknessed—a=0.1, 0.5, 1.0, and 23 , respectively. For comparison,

that, as the wire radius reduces, the carrier wave function isurves 5 and 6 are the cases in SLQW with0.3 andx=0.1, respectively.

0.5 1 L5 2 25 3

a
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1:b-a=03
2 b-a=1.0
30 b-a=2.0
4 : x=0.3(SLQW)

5 x=0.1(SLQW)

FIG. 4. Binding energy of donor in SLQW and MLQW-2 as a function of FIG. 6. Binding energy of donor in SLQW as a function of wire radius with
wire radius(or core wire radiuswith magnetic fieldB=10T. Curves 1, 2, magnetic fieldB=10 T andx=0.3 for differentp (p=p;/a).

and 3 are the cases of MLQW-2 with=0.1 andy=0.3 for different shell

thicknessesb—a=0.5, 1.0, and 24, respectively. For comparison,

curves 4 and 5 are the cases in SLQW with0.3 andx=0.1, respectively. 5 almost overlap in this region. As the shell thickness in-

creases the properties of the MLQW>2=0.1 andy=0.3) is
closer to that of SLQWX=0.1). Curve 1 b—a=0.57) is
E, is influenced by the potential barrier height as the Wiredlf'ferent from the other curves. This is due to the fact that the

thinner shell thickness increases the binding of the bulk po-

radius is r to a smaller value which is less than somg .. . : S .
dius _eqluced 0 a smaile ue chis 1es SOMBntial barrier as the wire radius is decreased. Figure 5 shows
characteristic value. In Fig. 3, we can see Hjgis indepen-

) ; : " the binding energy of the MLQW-1 as a function of magnetic
dent of the potential barter height far= 23 and 1o fielq with x=0.3,y=0.1, and shell thickneds—a~ 1aj; for
epends on he potential barrier heig do as €X-\ arious core wire radia=0.5, 1.0, and 34 , respectively.
pected. When we compare curves 1, 2, 3, afdLDW-1 _ * - * .
ith x=0.3 andy—=0.1) to curve 3SLOW withx=0.3), one Curve 1(for a=0.5a5) and curve 2(for a=1.0a;) are in-
WIth =2 g urv QW withx=0.3, dependent of the applied magnetic field. And, curvéd

can see that as the potential barrier of the bulk region is * . .
lowered, the probability for an electron tunneling from thea 3.085) shows that thée, increases as the applied mag

netic field is increased. The manner Bf being influenced

core region through the shell region and finally into the bulkbg_ the applied magnetic field in a MLQW is the same as that

region becomes larger as the core radius is decreased. Ther a SLOW.

. . ) o
fore, the binding energy of the impurity for the case with . . .
V,>V; (i.e., MLQW-1) reduces prominently. Figure 4 Elgure 6 Q|splay§ the bmdmg energ;i of a SLQW as a
- . function of wire radius for varioup (p=p;/a) with x
shows the binding energy of the MLQW-2 as a function of _ _ .
. . ) . . =0.3andB=10T. As the donor approaches the wire bound-
core wire radius for different shell thicknesses witf 0.1, N :
ary, the binding energy decreases due to the repulsion of the

y=0.3, and t.he magnetp fie=10T. The binding €YY donor-electron wave function by the barrier potential. In Fig.
of MLQW-2 is almost uninfluenced by the Al concentration 6, one can see that the binding energy decreases as the im-
of bulk region material foa>0.533 , the curves 1, 2, 3, and '

the E, is independent of the potential barrier height. And the

45

35 |

HOwWN
»
1
—_
<

_025 - 2

05 ¢ 3:a=3.0

0 S 10 15 20 0 1 2 3 4 5
B(Tesla) oi

FIG. 5. Binding energy of donor in MLQW-1 as a function of magnetic field FIG. 7. Binding energy of donor in SLQW as a functionggfwith magnetic
(B) with the shell thicknesv—a=1.0a§ for various core wire radiia field B=10T andx=0.3 for different wire radiia=0.1, 0.5, 1.0, and
=0.5, 1.0, and 38 , respectively. 3.085 .
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4 purity is moved away from the center, and attains maximum
1:2=0.1 value asp;~1.83} , it then decreases as the impurity is fur-
212205 ther moved away. This is due to the fact that the electron
leaks out of the well and tunnels to the bulk region &r
=0.1af . The Coulomb interaction increases and the mag-
4:a=30 netic field keeps the electron closer to the shell barrier and
thus increases the repulsion of the electron by the shell bar-
rier as the impurity is moved away from the center. This
makes the binding energy increase. Furthermore, the binding
energy decreases a$ is increased. For curves 2, 3, and 4,
since there are no tunneling effects for the core wire radius
a=0.5, 1.0, and 34, the binding energies of the donor
decrease as the impurity is moved away from the center, thus
it is very similar to the case of SLQW.

3:a=1.0

FIG. 8. Binding energy of donor in MLQW-2x=0.1 andy=0.3) as a IV. CONCLUSION

function of position of impurity withB=10T and the shell thickneds . . P
—a=1a? for various core wire radia=0.1, 0.5, 1.0, and 3} , respec- In this article, we calculated the binding energy of donor

tively. impurity located at the center and off center of the SLQW,
MLQW-1, and MLQW-2 in the presence of magnetic field.
Our MLQW model could be simplified to SLQW and the
purity is moved away from the center in the SLQW as ex-results are found to be in good agreement with the results of
pected. The curve oE, attains the maximum value @&  other authors. Our calculation shows that the binding energy
=0.2a5 and decreases as the wire radius is reduced. Thigepends on the potential profiles, potential barrier height,
decrease is due to the electron leaking out of the potentiampurity position, shell thickness, magnetic field, and the
well. And we can see, the curves Bf overlap each other as difference between the Al concentrations contained in the
the electron leaking out of the potential well. This means thashell and bulk regions. And, we can see the electron tunnels
the E,, is independent of the position of impurity as the elec-to the bulk region as the core wire radius is reduced to a
tron leaking out of the potential well. Figure 7 shows thevalue which is smaller than the characteristic radius in the
binding energy of a donor in a SLQW as a function of posi-MLQW-1 model. In such a case, the behavior of the electron
tion of impurity with x=0.3 andB=10 T for various wire is very different from the other situation.
radii. All of the curves decrease as the impurity is moved  One possible benefit from our result is that these mul-
away from the center. Figures 8—9 show the binding energyiple quantum wires can be used to study the electron trans-
in the MLQW-2 (x=0.1 andy=0.3) and MLQW-1x=0.3  port effect in quantum structure systems. If one deposits the
andy=0.1) as a function of position of impurity witl8  source and drain on the ends of the quantum wires, then due
=10T and b—a=1aj5. Since no tunneling effect in to the tunneling effect between different layers, the electron
MLQW-2 occurs, the feature of Fig. 8 behaves in a samdransport phenomena will be very different from the case of
manner as the SLQW does. For curveal=0.1a; and b the SLQW. One can also study the behavior of the electron
=1.1a3) in Fig. 9, the binding energy increases as the im-conductivity as the source is connected to one layer while the
drain is connected to the other layer. An additional interest-
ing feature of the conductivity can be expected for the mul-
tiple quantum wire systems when the multiple quantum wire
is put between two metal gates which can input time varying
fields (E or B fields). With this kind of device, it is hopefully
expected that the multiple quantum wires might have pos-
sible applications in the few-electron detectors in the future.
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